For the integration of advance gate stacks, selective wet etching of an Al 2 O 3 capping layer on top of high-k dielectrics was studied. From the fundamental etch study on the single-layer Al 2 O 3 , HfSiO and HfSiON thin films were prepared by atomic layer deposition (ALD). Using the etch rate information of each single layer, several optimized etch conditions in acidic and basic etchants including H 3 PO 4 , NH 4 OH, and TMAH resulted in wet etch selectivities of Al 2 O 3 to high-k materials higher than 50:1. As a result, the Al 2 O 3 capping layer on Si/SiO 2 /high-k multi-layer gate stack could be completely removed without thinning of the underlying high-k thin films. Finally, the etch mechanisms of Al 2 O 3 in acidic and basic etchants were studied and the etch rates of 
There is a great demand for novel high-k dielectrics and metal gates to replace conventional poly-silicon gates on silicon dioxide dielectrics which have technical barriers as the scale of semiconductor devices becomes smaller and more integrative. Moreover, for the improvement of the threshold voltage of CMOS (complementary metal-oxide semiconductor) devices, capping layers on top of highk dielectrics are essential. 1, 2 In particular, it is reported that Al 2 O 3 and La 2 O 3 are good candidates as capping layers for pMOS and nMOS transistors, respectively. [1] [2] [3] Because different materials are used as capping layers of pMOS and nMOS, a pre-deposited capping layer on the unwanted MOS region (e.g., Al 2 O 3 on nMOS high-k or La 2 O 3 on pMOS high-k) should be selectively etched for the complete implementation of the high-k/metal gate stack. In general, wet etching is applied for the selective etching of the capping layer. However, incomplete wet etching of a capping layer will leave etch residues of the capping layer, which will form an interrupting film or defects. If the etch selectivity is low, the underlying high-k dielectrics will be also attacked, which can affect the transistor performance such as the electrical oxide thickness, Vt, gate leakage, and drive current. Therefore, a high etch selectivity of capping layers on high-k materials and the elimination of etch damage of the high-k material are required in the capping layer etch process.
In previous studies, it was reported that the wet etching properties of Al 2 O 3 are influenced by the type of etchant along with its concentration and the process temperature. The most commonly used etchant for Al 2 O 3 is H 3 PO 4 while H 2 SO 4 and TMAH (tetramethylammonium hydroxide) have also been used. [4] [5] [6] In general, the etch rate increases with increasing concentration of etchant and process temperature. 4, 5 However, because previous samples were sputter-deposited or were Alcoa F-1 alumina particles, it is uncertain if the reported Al 2 O 3 etch rate equations can be applied to the Al 2 O 3 film in a gate stack prepared by an ALD (atomic layer deposition) method. In particular, a systematical etch study of the Al 2 O 3 capping layer on HfSiO(N) high-k material has not been performed.
In this paper, we focused on the selective wet etching of ALD produced Al 2 O 3 capping layers against underlying high-k materials including HfSiO and HfSiON. Through a series of etch experiments on single-layer Al 2 O 3 and high-k/Al 2 O 3 multi-layer stacks, the optimized wet etch conditions for selective Al 2 O 3 etching were determined. In particular, from the Pourbaix diagram of Al, it is suggested that Al can be in two separate corrosion regions below a pH of 4 and above a pH of 8.3.
7 Therefore, the wet etch mechanisms of Al 2 O 3 in both acidic and basic solutions were studied. C. All single-layer films were put into each etchant for a certain period of time. Then, the optimized wet etching conditions which resulted in high selectivity in the single-layer experiment were applied to confirm the selective etching of Al 2 O 3 to high-k thin films in the multi-layer stack. Except for the wet etch at RT, the container filled with etchant was placed in a thermostat (Wise Bath-11, DAIHAN Scientific Co., Ltd.) to maintain a constant etchant temperature.
Experimental
In order to measure the film thickness after wet etching of each sample, a spectroscopic ellipsometer (MG-1000, Nano-View) was used with wavelengths of 250-840 nm and an incident angle of 70 . HR-TEM (high resolution transmission electron microscopy) (JEM-2100F, JEOL) was used at 200 kV with a probe size under 0.5 nm to measure the thickness of each layer in the multi-layer stack after the different wet etching processes and to confirm the complete selective removal of Al 2 O 3 under the optimized etching conditions. /kg were used in the previous report. 5 They calculated the etch rate based on the change of the amount of dissolved Al 2 O 3 obtained the analysis of the liquid effluent. 5 However, in our study, the thickness was extracted by fitting with n and k from the measured optical spectra of D and w in the range of 350-840 nm. In addition, there are also differences in the experimental set-up. While batch-type wet etching was applied in the current study, a peristaltic pump was used to maintain a constant flow rate of H 2 SO 4 in the previous report. C of 230Å/min, 4 which is almost four times as fast as the etch rate obtained in this study. The discrepancy may be due to the difference in the preparation method of the Al 2 O 3 thin film as their Al 2 O 3 film was deposited by sputtering. 4 The etch rate of the Al 2 O 3 thin film significantly changes based on the properties of the preparation method such as the sputtering environment. 8 Figures 2b and 2c show that the high-k materials were not etched in 85% H 3 PO 4 at all at RT. However, they started to be etched at 50 C and an etch rate of about 10Å/min was obtained at 98 C for both HfSiO and HfSiON. Although the etch rate of Al 2 O 3 was higher at 98 C than at 50 C, the etch selectivity of Al 2 O 3 to high-k is higher at 50 C because etch rates of high-k materials were minimal at 50 C. The etch selectivity ratios of Al 2 O 3 to HfSiO and HfSiON were 104:1 and 39:1 at 50 C, respectively. The thickness changes of the Al 2 O 3 , HfSiO, and HfSiON thin films after wet etching in NH 4 OH are shown in Fig. 3 . The etch rate of Al 2 O 3 increased with temperature from 20 to 98 C, as shown in Fig. 3a . However, no significant changes of the etch rate with concentrations between 3 and 8% were observed. It is noted that the ALD-prepared Al 2 O 3 film was easily etched at low temperature (20 C) in NH 4 OH and compared to etching in H 2 SO 4 and H 3 PO 4 , higher etch rates were obtained at the same temperature. However, the high-k materials were hardly etched under all process conditions used in this study, as shown in Figs. 3b and 3c , which results in an infinitely high wet etch selectivity of Al 2 O 3 to high-k dielectrics.
Results and Discussion
Etching of the three different thin films in TMAH showed similar behaviors to etching in NH 4 OH. Al 2 O 3 etch rates of 2840 and 3380Å/min in 3 and 8% TMAH were obtained at 98 C, respectively, as shown in Fig. 4 . The etch rate of Al 2 O 3 slightly increased with the TMAH concentration at a given temperature, but the difference with concentration gradually decreased as the temperature increased. Schram et al. reported that the complete removal of Al 2 O 3 on HfSiO(N) by TMAH was confirmed by the measurement of the total reflection x-ray fluorescence. 6 However, other details of the etch selectivity of Al 2 O 3 to high-k materials were not The etch selectivity ratios of Al 2 O 3 to the high-k materials obtained under different conditions using various etchants are summarized in Table I . Except for H 2 SO 4 at RT and H 3 PO 4 at RT, very high selectivity ratios of Al 2 O 3 to HfSiO and HfSiON were obtained. In most of the cases, the wet etch selectivity improved with increasing temperature. In order to apply the best selective wet etch conditions to a high-k/Al 2 O 3 multi-layer stack, the optimum process conditions were selected. Here, two standards were required: an etch selectivity ratio higher than 50:1 and a process temperature lower than 50 C. The low temperature is required because too high of a temperature would result in considerable operation costs. From the results of this study, 85% H 3 PO 4 at 50 C and NH 4 OH and TMAH with concentrations of 3 and 8% at 20 and 50 C satisfy the conditions for the selective etching on the high-k/ Al 2 O 3 multi-layer stack. In these conditions, 85% H 3 PO 4 (selectivity to HfSiO of 104:1), 3% NH 4 OH (selectivity of 716:1), and 3% TMAH (selectivity of 7,146:1) at 50 C were applied for the selective etching on the multi-layer stack.
HR-TEM images of the Si/15Å SiO 2 /27Å HfSiO/30Å Al 2 O 3 multi-layer stack taken as the etching progressed in 85% H 3 PO 4 up to complete etching are shown in Fig. 5a . The Al 2 O 3 film looks brighter than HfSiO. In order to discriminate Al 2 O 3 , nickel was deposited on the top. The etch time for the target thickness could be controlled using the etch rate of Al 2 O 3 , 57Å/min, and a 50% underetch and complete etch were performed. As the TEM images show, the 30Å thick Al 2 O 3 was etched by half in the time of the 50% under-etch and no Al 2 O 3 was left after the complete etching time. It is noted that the underlying HfSiO was not attacked by H 3 PO 4 . Therefore, the etch rates and selectivity obtained from the single layer film were successfully applied to the complete and selective etching of high-k/Al 2 O 3 multi-layer stack.
HR-TEM images of the HfSiO/Al 2 O 3 multi-layer stack as the etching in 3% NH 4 OH and TMAH progressed are shown in Figs. 5b and 5c, respectively. Again, complete removal of Al 2 O 3 without thinning of the underlying high-k material was confirmed in both cases. Moreover, the HfSiO thin film was not thinned even after 50% over-etching of Al 2 O 3 , which demonstrates that the fundamental etch rates and selectivities obtained from the single layer thin films were also applied to the high-k/Al 2 O 3 multi-layer stack in the basic etching solutions.
In order to investigate the etching reaction and kinetics in acidic solutions, 85% H 3 PO 4 was diluted with deionized water to prepare various etch solutions with different hydronium concentrations. Figure 6a shows the etch rates of Al 2 O 3 and high-k thin films as a function of the hydronium concentration at 50 C. The hydronium concentration was calculated using the first order dissociation constant of H 3 PO 4 . It was observed that the etch rate of Al 2 O 3 increases linearly with the hydronium concentration in H 3 PO 4 . The etch rate of ALD-prepared Al 2 O 3 thin films in acidic etchant, ER acid , at 50 C can be given as
where [H þ ] is the hydronium concentration (M). In addition, the etch reaction between Al 2 O 3 and hydronium can be expressed as
to produce aluminum cation, Al 3þ . On the other hand, the etch rates of HfSiO and HfSiON also varied linearly with [H þ ], as shown in Fig. 6a . Thus, the etch selectivity of Al 2 O 3 to the high-k materials was not significantly affected by [H þ ]. The etch selectivity of Al 2 O 3 to HfSiO was about two times higher than that to HfSiON (21:11), which resulted from the higher etch rate of HfSiON in H 3 PO 4 , as compared to HfSiO.
For the study of the etching reaction of Al 2 O 3 in basic solutions, the effect of the hydroxide anion concentration on the etch rate was investigated. Figure 6b shows the changes of the etch rates of Al 2 O 3 and high-k films with the different hydroxide anion concentrations at 50 C when NH 4 OH was diluted in deionized water. The hydroxide anion concentration was calculated using the dissociation constant of NH 4 OH at 50 C. As the hydroxide anion concentration increased, a higher etch rate of Al 2 O 3 was obtained. However, the increase of the etch rate decreased with increasing hydroxide anion concentration and eventually became saturated. 
As shown in Eq. À and H þ (Eq. 7). Therefore, as the Al 2 O 3 etching in Eq. 4 proceeds, the chain reactions from Eqs. 6 and 7 are accelerated. This is probably the reason that the etch rate of Al 2 O 3 is saturated at a higher hydroxide anion concentration. In addition, mass transfer may be limiting the overall reaction speed at higher hydroxide anion concentrations. In that case, mass transfer of the etching species, OH À from the bulk solution to the surface of Al 2 O 3 , or desorption of AlO 2 À etched product from the film surface to the bulk solution, dominates the overall reaction rate. On the other hand, since the etch rates of the high-k materials were nearly 0 under the conditions in Fig. 6b 4 OH was obtained, which implies that the reaction in Eq. 4 successfully describes the etching of Al 2 O 3 in a basic etchant. On the other hand, it was reported that the overall reaction rate can be regarded as diffusion controlled when the activation energy is lower than 29 kJ/mol. 4 Therefore, considering that the activation energy observed in this study was 39 kJ/mol and that the activation energy is independent of the reactant concentration, the possibility of mass transfer limitations to explain the saturated etch rate at the higher [OH À ] region shown in Fig. 6b was excluded ] region provides controllability of the etch rate with a high selectivity ratio to HfSiO and HfSiON high-k dielectric films.
